Cognitive dysfunction is frequent in multiple sclerosis patients and has important and negative consequences for daily activities and quality of life of subjects. Disease modifying treatments for multiple sclerosis reduce the incidence of relapses and may prevent disease progression, but the influence on cognitive impairment is unclear, due to several limitations of the available studies. Moreover, symptomatic drugs for the improvement of already established cognitive deficits have been tested in small pilot studies, providing conflicting or mainly negative results. Currently, specific pharmacological therapies for the management of cognitive deficits in MS have not yet been developed. We will provide an updated overview of available evidence of pharmacological approaches for ameliorating cognitive deficits, based either on disease modifying treatments or symptomatic drugs.
Background
Cognitive impairment (CI) in multiple sclerosis (MS) affects about 40-70% of patients. It involves all the disease subtypes, sometimes from the early stages of the disease, also independently from physical disability. It has a negative impact on patient daily life, employment and on the capacity to benefit from in-patient rehabilitation [1] . Therefore, to improve patient function and quality of life, interventions to ameliorate or reduce CI are of paramount importance, through pharmacological and/or rehabilitation approaches. We will review available evidence on pharmacological approaches for CI in MS, based either on disease modifying treatments (DMT) or symptomatic drugs.
Disease modifying treatments
Since 1990s, DMTs are usually employed in clinical practice to reduce the incidence of relapses and disability progression in MS. The possible positive effect on cognitive outcomes can be due to the decrease of the ongoing inflammatory activity, which may contribute to better cognitive performances. DMTs can also positively influence the cognitive performances, by acting on some key pathogenic mechanisms of MS-related cognitive impairment. In particular, all the approved DMTs reduce the accumulation of T2 and T1 lesions in the brain, and some of them also reduce the progression of brain atrophy. Moreover, some of the DMTs may also produce a neuroprotective effect via different mechanisms of action, such as through the delivery of neurotrophic factors or newer mechanism of action for newer drugs [2] . However, the interpretation of available data is complicated, due to methodological problems of study design and execution [1] .
The bulk of available evidence for the effects of DMTs on cognitive outcomes in MS has been collected with the interferons (IFNB-1a and IFNB-1b).
Fisher et al. [3] have published an extensive study, exploring the effects of IFN b-1a on cognition, assessed by Multiple Sclerosis Functional Composite (MSFC) administered to 166 relapsing-remitting multiple sclerosis (RRMS) patients, in the context of a multicenter, 2-year, phase III randomized clinical trial. After two years, adjusting for baseline performance, IFN b-1a showed a significant beneficial effect on tests of information processing speed, learning and memory, as well as a positive trend on tests of visuospatial abilities and problem solving. Although it is difficult to generalize the trial results to everyday practice, due to the extensive neuropsychological assessment, the trial showed an improvement in cognitive performance in both arms, possibly due to "practice effects", which was however significantly more pronounced in the treatment group. The treatment arm also exhibited a significantly increased time to sustained deterioration in the performance on the Paced Auditory Serial Addition Test (PASAT).
The BENEFIT (Betaferon/Betaseron in Newly Emerging MS for Initial Treatment) trial and its extension at 3 and 5 years [4] [5] [6] , underline the effect of IFNB-1b on cognition in patients with clinically isolated syndromes (CIS). In these trials, patients were randomized to receive IFNB-1b immediately after the clinical event or at the end of the trial. The results showed an improvement on cognitive performance in the PASAT over the five years, whose scores were in the normal range in the majority of the subjects at baseline. Improvement on the PASAT was significantly more pronounced in the early treatment group compared with the delayed treatment group after five years, suggesting an effect of early treatment in maintaining an intact cognitive functioning [7] . No cognitive data have been published from the IFNB trials in persons with secondary and primary progressive MS [8] [9] [10] [11] [12] .
Most of the existing post-marketing observational studies involving interferons and cognition in MS, have been non-randomized, so we should interpreted their results with caution. We are reviewing only studies that have included at least 100 patients.
The effects IFN b-1a on cognitive function in early, mildly disabled RRMS patients were addressed in the Italian multicenter, post-marketing COGIMUS (Cognitive Impairment in Multiple Sclerosis) study [13] . This prospective cohort study included 459 early RRMS patients treated with IFN b-1a s.c. 22 or 44 mcg in everyday clinical practice. The patients were assessed through the Brief Repeatable Neuropsychological Battery (BRNB) and the Stroop test at baseline and at 12 monthly intervals for three years for a total of four cognitive assessments. At baseline there were no differences between the two groups in demographic and clinical characteristics and in the proportions of patients impaired on more than three tests. Data on cognitive performance at baseline and 3 years were available for 318 patients of the original cohort (72.1%; 22 mcg, n = 153; 44 mcg, n = 165) and showed a 32% risk reduction of developing impairment in three or more tests for patients on high dose compared with those on the lower dose.
The effect of glatiramer acetate (GA) on cognition was evaluated as part of a phase III trial on RRMS where patients were randomized to receive GA (20 mg subcutaneously every day) or placebo [14] . Two hundred forty-eight patients were assessed by the BRNB at baseline and after 1-2 years using. Both treatment groups showed a significant improvement in cognitive performance because of "practice effects". The absence of an effect of GA on cognitive profile, could be explain by the low level of baseline cognitive abnormalities and the short-term observation period. No cognitive data have been published in primary progressive MS, although the MSFC was included in a phase III trial of GA [15] . The impact of natalizumab on cognitive profile was investigated in a phase III clinical trials of RRMS patients -the AFFIRM (Natalizumab Safety and Efficacy in Relapsing Remitting Multiple Sclerosis) and SENTINEL (Safety and Efficacy of Natalizumab in Combination with Interferon Beta-1a in Patients with Relapsing Remitting Multiple Sclerosis) [16, 17] . Both studies showed a positive effect on cognition in all the subjects treated with natalizumab, although the cognitive outcome was evaluated only by the PASAT.
Iaffaldano et al. [18] have examined the effects of natalizumab on cognitive performance in an uncontrolled observational study, by the BRNB and the Stroop test, calculating a global score, defined Cognitive Impairment Index (CII) every 12 months, that allowing the evaluation of changes in cognitive performances independently by the number of cognitive tests failed, using the mean and SD from the normative sample of Rao's battery and the Stroop Test. One hundred and 53 patients completed 1 and 2 year-natalizumab treatment, respectively, at the standard dose of 300 mg every 4 weeks intravenously. After 1 year of treatment the percentage of cognitively impaired patients decreased from 29% at baseline to 19% and the mean baseline values of the CII and fatigue scores were significantly reduced. These significant effects were confirmed in the subgroup of patients treated up to 2 years.
Stephenson et al. [19] have conducted a prospective, uncontrolled study in 333 patients on the effect of natalizumab in patient-reported outcomes measures. After 12 months of pharmacological treatment, 69% to 88% of patients reported an improvement in quality of life assessed by the SF-12v2 [20] , the MSIS-29 [21] , the FS [22] , the DS scale [23] , fatigue assessed by the MFIS [24] and cognition assessed by the MOS-Cog [25] . Reduction of self-reported fatigue assessed by the Fatigue Scale for Motor and Cognitive functions (FSMC) was also reported in the large uncontrolled TYNERGY study [26, 27] .
Although the above studies showed positive influence of natalizumab treatment on cognition, there are limits in the validity of results, due to observational, non-randomized studies design and the absence of a control group.
In the FREEDOMS trial, a 24 month, RCT of oral fingolimod compared with placebo in patients with RRMS, a significant effect on the MSFC was observed in both groups compared with the placebo group (Cohen et al., 2010) [28] . Trials on newer oral and biologic DMTs have included the PASAT in the context of the MFSC, although no cognitive results have been published so far.
In conclusion, all these study limitations do not allow to achieve firm conclusions. In fact, the studies with DMTs have shown weak positive effects on cognition and the methodological limitations reduce the strength of the results. The majority of randomized controlled trials on DMT are not appropriate to detect cognitive changes. Cognition is not the primary outcome and often the only explorative measure of cognition is the PASAT, in the context of the MSFC [29] . Observational studies on DMT are non-randomized, have included small sample of patients with different clinical characteristics, used heterogeneous cognitive assessment tools and outcome measures and have not considered the patients' cognitive status at baseline. We can only speculate that early treatment may be the most effective way to preserve intact cognitive functioning and delay the development of cognitive impairment, on the basis of studies focusing on CIS and early RRMS patients. Future trials should assess cognition more systematically, to better understand the potential effect of the new DMT on the patient cognitive performance [1] .
Symptomatic drugs
Due to frequent association between fatigue and cognitive impairment in MS patients and the hypothesis of a shared pathophysiologic basis, it has been speculated that drugs used for the symptomatic management of fatigue in MS may be beneficial also for cognitive functioning [30] . Studies on symptomatic drugs in MS have focused on improving performance in specific, impaired cognitive domains, typically involved in the profile of neuropsychological deficits in MS, such as information processing speed and complex attention or episodic memory. Most of these studies show a few methodological limitations, in particular small sample sizes, the study design, not inclusion of impaired cognition and heterogeneity of cognitive outcomes. The main features of these studies are synthesized in Table 1 .
Geisler et al. [31] evaluated 45 MS patients treated with amantadine, pemoline, or placebo for 6 week. Fatigue did not significantly correlate with any of the neuropsychological outcome measures at baseline or after treatment and there were no significant differences in cognitive performance between amantadine, pemoline, and placebo patients. The neuropsychological measures were tests of attention (Digit Span, Trail Making Test, and Symbol Digit Modalities Test), verbal memory (Selective Reminding Test), nonverbal memory (Benton Visual Retention Test), and motor speed (Finger Tapping Test). All groups improved on tests of attention, verbal memory and motor speed, probably due to "practice effects".
Studies with patients treated with modafinil, have done uncertain results. Moller et al. [32] conducted a doubleblind, placebo-controlled randomized trial involving 121 patients with MS and fatigue, finding that modafinil had no great effects on fatigue or cognitive dysfunction. Another study with modafinil suggested a positive treatment effect on other neuropsychological tests, but this study was not placebo-controlled [33] . In a double-blind, placebo-controlled study conducted by Bruce et al. [34] , 23 patients with MS had significantly improved delayed memory on a list-learning task after they took modafinil, but no improvement on other cognitive domains or self-reported fatigue. Recently, Ford-Johnson et al. [35] showed no effect of modafinil on learning and memory performance. However, participants showed improvement in working memory task administered, the Wechsler Adult Intelligence Scale-III (WAIS-III) Letter-Number Sequencing task, as compared with those on placebo.
Acetylcholinesterase inhibitors (AChEIs) used in Alzheimer's disease have been tested for improving cognition in other neurological disorders. Specifically, in MS, it is hypothesized that disruption of cholinergic pathways and impaired axonal transport of acetylcholine may produce a reduction of cholinergic drive that might underlie at least in part cognitive dysfunction [1] . Parry et al. [36] have suggested that rivastigmine, a central cholinesterase inhibitor, can perform an acute modulation of potentially adaptive functional changes in cognitive functioning. They studied ten patients with MS and 11 healthy controls using a functional MRI (fMRI) during the execution of Stroop task. All the participants took the drug. In five out of ten MS patients there were a relative normalization of the abnormal Stroop-associated pattern of brain activation, although no change in brain activation was found in any of four healthy controls taking the drug. Cader et al. [37] showed the administration of rivastigmine significantly enhanced fMRI activation in the prefrontal regions for the Stroop task, in a group of 15 MS patients. In this small study, there were no significant changes in the neuropsychological task performance, 11 of 15 patients showed improvements, whereas 4 of 15 patients showed decline. Shaygannejad et al. [38] enrolled 60 MS patients with cognitive impairment in a 3-month single-center, double-blind, placebocontrolled clinical trial. Patients were randomly allocated to receive a 12-week treatment course of either rivastigmine (1.5 mg once a day increment over 4 weeks to 3 mg twice daily) or placebo. Response to treatment was assessed by the Wechsler Memory Scale (WMS) at baseline and 12 weeks after the start of therapy. They observed a significant memory improvement occurred in both groups, possibly due to "practice effects" and the average WMS general memory score at the end of trial did not change between rivastigmine and placebo group.
The effects of Donepezil on cognitive function in MS have also investigated. Krupp et al. [39] conducted a randomized, double-blind, placebo-controlled, single-center clinical trial of 69 patients with MS who were selected for initial memory difficulties and randomly assigned to receive a 24-week treatment course of either donepezil (10 mg daily) or placebo. Donepezil improved memory performance on the Selective Reminding Test (SRT) when compared with placebo and this benefit remained significant after controlling for several demographic and clinical covariates. Patients in the donepezil group were significantly more likely to self-report memory improvement than those receiving placebo. More recently, Krupp et al. [40] , investigated the effects of 10 mg daily of donepezil (n = 61) versus 10 mg of placebo (n = 59) in 120 cognitively impaired MS patients. After 24 weeks, there were no improvements in memory performance on SRT in the donepezil group, although the subgroup of patients exhibiting more severe degrees of cognitive dysfunction.
Lovera et al. [41] conducted a multicenter doubleblind placebo-controlled clinical trial in MS patients with cognitive impairment. Fifty-eight patients were treated with memantine at 20 mg daily and 68 controls were tested. The results showed that patients treated [42] conducted a study for examining the efficacy and safety of a long-term administration of memantine as a symptomatic treatment for cognitive disorders in 50 patients. In this double-blind, placebo-controlled, parallel group, randomized trial, the participants were assigned to receive memantine (20 mg/day) or a placebo for 52 weeks. No differences between the placebo and memantine groups were observed in the PASAT score, used as primary neuropsychological outcome.
It is reasonable to consider in this overview also CNS stimulants for MS patients and their influence on cognitive profile. In a pilot double-blind, placebo-controlled study involving 19 MS patients [43] , single 45 mg doses of L-amphetamine sulfate in MS were associated with improved performance on information processing speed. Morrow et al. [44] tested 151 clinically definite MS patients randomized to L-amphetamine or to placebo in a 6-week. The trial results did not confirm any significant improvement on Symbol Digit Modalities Test (SDMT) or on the subjective ratings of cognition. In a re-analysis of the study conducted by Sumowski et al. [45] , the Authors suggested the drug may act by improving hippocampal function. In fact, there was a significant effect of L-amphetamine sulfate on auditory/verbal and visual/ spatial memory in the cognitively impaired MS patients. Harel et al. studied the effect of methylphenidate on 26 MS patients with impaired attention in a double-blind placebo-controlled trial [46] . The patients were randomized to receive a single dose of 10 mg methylphenidate or placebo. Attention was assessed using PASAT-3" and PASAT-2" at baseline and one hour after drug/placebo administration. Methylphenidate significantly improved performance of both PASAT-3" and PASAT-2" tests by 22.8 and 25.6% respectively, while no significant changes were observed in placebo treated patients.
Recently the use of the cannabis has been approved for the symptomatic treatment of spasticity. Romero et al. [47] conducted a study on the effect of cannabis on cognition. They examined 20 MS patients who smoke cannabis for symptom relief, and 19 matched noncannabis-smoking MS patients. Patients were evaluated by the BRNB and structural MRI scans. Results showed that decreased regional brain volume was associated with poorer performance on all neuropsychological tests in MS patients who smoked cannabis. Specially cannabissmoking MS patients showed significantly lower performance on the 10/36 spatial recall test and the PASAT.
Few studies have preliminarily explored the impact of fampridine (4-aminopyridine) on motor and cognitive parameters. Results from a trial conducted by Magnin et al. [48] with 50 MS patients, showed that verbal fluencies were significantly improved after fampridine treatment. Pavsic et al. [49] conducted a nonrandomized study including 30 patients with different types of MS, treated with 10 mg of fampridine twice daily. They obtained a gait performance of 56.7% and after 28 days of treatment, significant improvement among responders occurred in total MSFC score. However, there was no statistically significant improvement of PASAT.
Jensen et al. performed another open-label study of 108 MS patients treated with fampridine 10 mg BID. After 26-28 days of treatment, results showed significant improvements on quantitative tests of upper and lower limb functions as well as the SDMT [50] .
We can summarize that, taking together, all these weak results do not support the use of any of the above symptomatic drugs for improving MS-related cognitive impairments.
Conclusions
Over the past two decades MS-related cognitive dysfunction has received growing attention. Validated brief and extensive batteries for the neuropsychological assessment of MS patients are now available [1] . The approach to cognitive assessment should be extensive, taking into account possible confounding factors. Among these, fatigue, depression, comorbidities and also the possible harmful effect of symptomatic medications on cognition, such as benzodiazepines, antiepileptic drugs, anticholinergic drugs used for bladder dysfunction [1] .
Despite the great availability of pharmacological drugs for reducing disease activity in MS, no effective symptomatic treatment has been established for cognitive impairment. The results of studies are inconsistent or negative and the few positive findings have not been confirmed in successive trials. Pharmacological therapies of comorbidities that can contribute to poor cognitive performance, such as depression or fatigue, may also provide cognitive benefits, but currently there are not consistent evidences in this area. The use of cognitive enhancer agents could have a positive effect in contrasting the side effects of other drugs (such as benzodiazepines, baclofen, alpha lytic, etc.) which are currently used to treat other participating symptoms. The research in this field must be considered preliminary. The findings that we already have are controversial and not sufficiently strong to currently recommend the clinical use of these classes of medications for treating CI. Further studies in this field could combine older and newer pharmacological strategies with cognitive rehabilitation and, possibly, physical exercise [51] .
